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LONG TERM GOALS

Our long term goals are to understand the dynamics of atmospheric motions on scales of 10
kilometers and less inufficient detail to be able to provide a consistent subgrid scale
turbulent closure for models across a range of scales, and to be abikzdosumubhted
variances as a measure of forecast predityab

OBJECTIVES

The objective is to develop a consistent closure mimdedloud scale turbulence that would
allow one to produce a simulation at any desired level of resolution, with the results of lower
resolution simulations being approxately smilar to results obtained byparoprate spatial
filtering of the higher resolution simulation. The particularechye of this past year has
been to make progress on understanding entrainment at the top of cloudy boundary layers.

APPROACH

This research involves the ilidation of the high resolutionutbulent transport codes
developed under previous ONR support to explore interesting cloud strusatinees which
should be included in the subgrid paetarization of lower resolution models, as well as
progress in modeling the conservation equations governing the cloud scale variance of
temperature, humidity, and velocity, so that these variables may be included in larger scale
models.

WORK COMPLETED

During the past year we have concentrateduotierstanding the results of our large-eddy-
simulation (LES) investigation of the sensitivity of cloud-top entrainment to a number of
variables, with particular emphasis on quasi-steady, buoyantly-driven boundary layers.



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302 Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display acurrently valid OMB control number

1. REPORT DATE 3. DATES COVERED
30 SEP 1997 2. REPORT TYPE 00-00-1997 to 00-00-1997
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Modeling of Cloud Scale Turbulent Transport £b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

West Virginia University,MAE Department ,PO Box REPORT NUMBER

6106,M or gantown, WV ,26506

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17.LIMITATION OF | 18.NUMBER | 19a NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b ABSTRACT ¢ THISPAGE Same as 5
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



Another important part of our effort over the current year has been continued participation in
inter-model comparisons with the GEWEXoGt Systems Studies boundary layer cloud
modeling working group. Our LES results for a boundary layer with shallow cumulus from
BOMEX were included in the 199&8&ttle vorkshop (Siebesma, 1997).

RESULTS

Lewellen and Lewellen (1997a,b) use large eddy simulations to strongly support the rather
unexpected result thatatld top entrainment is often controlled by large eddy transport
rather than the small eddies confined to the local mixing zone. In simulations of teadsi-s
buoyantly-driven boundary layers, the turbulent entrainmatet wasfound to be relatively
insensitive to numerical or physical alterations whicleetfthe small scale mixindynamics

near the inversion but leave the boundary layer scale eddy dynamics largely unchanged (e.g.,
changes in grid resolution, subgrid modeling, or modest wind shear). The entraimt@est r
sensitive to changes which affect the large scale dissipdyioamics (e.g., low Reynolds
number) as one might expect given that entrainment and dissipation are the two competing
energy sinks in these systems.

We found a large eddy entrainment efficiengy, which we defined as the fraction of the
buoyant energy production going into entrainment rather than lost to turbulent dissipation, to
be fairly constant over a wide range of quasi-steady, buoyantly driven boundary layers with
broadly #milar large @dy dynamics. As we have implementednig is similar (but not
identical) to the flux partitioning measure of Stage and Businger (1981). Since this measure
of entrainment cost is a global one, its implementation regkiresledge of boundary layer
properties such as cloudafition and depth; on the other hand it allows us to avoid defining a
local buoyancy jump atj,zwhich requires making assumptions about mixing at cloud top.
This efficiency increases from approxiely 0.3 for a surdce driverdry boundary layer with

a stable top, to ~0.35 for a top driven dry boundary layer with a stable top, and up to 0.5 for a
quasi-steady boundary layer with an unstable cloud top with the clegtiofr reduced
below one.

Entrainment results as parameterized day entrainment efficiencyng, and the more
traditional A parameter (The ratio of the entrainment velocity over the characteristic
convective velocity, w*, times the Richardson number based on the virtual potential

temperature jumpABy) across the inversion, the mixed layer thicknegs &nd w2 in the

layer (i.e., Bretherton et al. 1997)) are summarized for many simulations in Fig. 1. Where
possible, results from two different one hour averaging periods are included to give some idea
of the time variability within a single simulati. The entrainment efficiency is seen to be
fairly constant while the A parameter varies by more thaarder of magnitude. There is in
general a negative contribution to the buoyancy flux throughout the boundary layer arising
from entrainment, as the warm air from above the inversion is mixed throughout the
boundary layer down to the ground. Despite differences in inversion jumps and flux profiles,
the boundary layer dynamics for the cases considered are broaitty, 9eing domiated



by large eddies spanning the boundary layer. The relative constancy of mg follows as long
as
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Fig. 1. Summary of simulation results showing entrainment efficiency ng versus the more
traditional A parameter as defined m the text. The simulation cases are labelled as follows:
smoke cloud with surface heating (®); smoke cloud with cloud-top radiational cooling with
different optical depths (#); radiatively cooled smoke cloud with cooling height varied (0);
radiatively cooled smoke cloud with varying wind shear ([J); radiatively cooled water cloud
with varying humidity jump across the mversion (A); radiatively cooled water cloud with
L/cp varied (A); radiatively cooled water cloud with varying surface heat flux (). Those

points overscored with "X" mdicate unstable cloud tops.

the large scale mixing involved in the entrainment process is the dominant limiting factor
setting the entrainment rate.

IMPACT



A consistent quantitative model ofocld top entrainment is important to any model which
involves cloud dynamics. In addition to the navy's operationatésting interest in alids,

an understanding of cloud dynamics on this scale is also a central issue in modeling global
climate change.

TRANSITIONS

We sent information to Steve Burk, Marine Meteorology, Naval Research Laboratory,
responding to his request for possible pagtmzation of the inversion thickness which might
be used in radar refractivity estimates.

RELATED PROJECTS

The LES code developed under ONR support has been modified and used to model aircraft
contrails for NASA (Lewellen and Lewellen, 1996), and to model the turbulenaatien of
a tornado with the suatefor NSF (Lewellen et al. 1997).
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